Huntington's Disease (HD) is an inherited fatal neurodegenerative disease caused by a CAG expansion (≥36) in the first exon of the HD gene, resulting in the expression of the Huntingtin protein (Htt) or N-terminal fragments thereof with an expanded polyglutamine (polyQ) stretch.
Introduction
Htt is a 348 kDa protein and has been implicated in several physiological functions 1 . When Htt contains an expanded polyQ region of more than 36 residues in its N-terminus, it causes HD 2, 3 . HD pathology is characterized by cellular inclusions in the striatum and cortex, which leads to neuronal death and atrophy of the affected tissues 4, 5 . Several N-terminal Htt fragments that contain the polyQ repeat tract have been detected in post-mortem brains from HD patients and are thought to be generated by proteolytic processing of the huntingtin protein 6 . Recent studies suggest that Httex1 could also be formed due to aberrant mRNA splicing. Httex1 contains the pathological polyQ mutation and its overexpression in animals can recapitulate many of the key features of HD 7 , thus highlighting a possible central role of this fragment in HD pathology and disease progression 6, 8, 9 .
Due to the high aggregation propensity of mutant Httex1 (mHttex1) with expanded polyQ tract, the majority of existing expression systems are based on the transient fusion of Httex1 to proteins (such as glutathione-S-transferase (GST), thioredoxin (TRX) or maltose-binding-protein (MBP) and/or peptides (poly-histidine) that differentially improve its expression, stability, purification and/or solubility 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28 . The fusion partner is linked to Httex1 with a short sequence containing a cleavage site for proteases such as trypsin, tabacco etch virus (TEV) protease or PreScission to allow for the cleavage and release of Httex1 prior to the initiation of aggregation or purification. Shortcomings of these methods include the possibility of leaving additional residues due to non-traceless cleavage and the creation of truncated fragments due to miscleavage within the sequence of Httex1, in addition to heterogeneity due to incomplete cleavage (see Vieweg et al. for more in-depth discussion on the advantages and limitations of this approach) 10 . To address these limitations, we recently developed an expression strategy enabling the generation of tag-free native Httex1 for the first time by utilizing a transient Nterminal fusion of the Synechocystis sp. (Ssp) DnaB intein to Httex1 10 . While the intein cleavage is traceless and specific and yields mg quantity of proteins, it still suffers two drawbacks that could reduce the yield: namely, premature cleavage of the intein which can occur during the expression, and the fact that cleavage occurs over several hours, which could lead to loss of protein due to aggregation, especially for Httex1 with expanded polyQ repeats.
, where an increased rate of expression and solubility of SUMO fusion protein was demonstrated. The SUMO tag can be cleaved by the ubiquitin like protein-specific protease 1 (ULP1), which does not require a recognition site, but recognizes the tertiary structure of SUMO and practically eliminates the possibility of miscleavage 30 . Furthermore, the ULP1-mediated cleavage is fast and traceless and does not leave additional residues behind. The premature cleavage of the fusion tag, as observed with the autocatalytic intein 10 , is completely avoided by the requirement of an external protease. While the SUMO strategy is nowadays widely used for recombinant protein production 31, 32, 33 , we demonstrate in this paper that it is especially useful for the generation of an intrinsically disordered, aggregation-prone, amyloidogenic protein such as Httex1. We believe that the simplicity, efficiency and robustness of our SUMO-fusion-based method will make native, tag-free Httex1 more accessible to researchers from different disciplines and eliminate the need to use non-native sequences of Httex1 in vitro. This is an important advance that will facilitate future studies to elucidate the structure-function relationship of Httex1.
The protocol describes the purification of Httex1 from 12 L of bacterial culture, but the protocol could be easily adapted for smaller or larger scale productions. The protocol describes the production of wild type Httex1 (wtHttex1) with a polyQ repeat length below (23Q) and mutant Httex1 (mHttex1) with a polyQ repeat length above (43Q) the pathogenic threshold (36Q).
Protocol

Expression of Recombinant Httex1 23Q and 43Q
1. Prepare the required buffers and solutions. Prepare 1000x ampicillin (AMP, 100 mg/mL) stock solution, filter (0.2 µm), aliquot and store at -20°C
. . NOTE: The E. coli BL21 DE3 strain has also been used. However, in this case an increased amount of truncations was observed. 3. Inoculate 200 mL of LB-medium with 1x AMP in a 1 L conical flask by adding a single colony from the agar plate with a sterile pipette tip.
Incubate the culture at 30 °C and 180 rpm for 20 h (overnight) in a bacterial incubator. 4. Take a 1 mL sample of the culture with a sterile pipette. Measure the optical density at 600 nm (OD 600 ) of the sample with a disposable plastic cuvette and a photometer (respect the measurement range between 0.1 and 1, dilute with LB-medium if necessary). Calculate the amount of preculture that will result in a starting OD 600 of 0.05 in a 3 L culture (with a preculture of OD 600 = 3 that would mean 50 mL). 5. Inoculate four cultures (each 3 L of LB-medium with 1x AMP in a 5 L flask), by adding the calculated amount of preculture with a sterile pipette. Incubate the cultures at 37 °C and 180 rpm in a bacterial incubator. 6. Every 30 min, take a 1 mL sample of the culture with a sterile pipette. Measure the OD 600 of the sample with a disposable plastic cuvette and a photometer. When OD 600 has reached 0.1 (typically after 1-2 h), set the temperature of the bacterial incubator to 14 °C and continue the incubation while cooling. Every 30 min, take a 1 mL sample of the culture with a sterile pipette. Measure the OD 600 of the sample with a disposable plastic cuvette and a photometer. NOTE: The time to cool the cultures may vary with the incubator used, so the time to begin cooling might have to be adapted depending on the type of incubator used. However, changing the temperature gradient should only have a small impact on the yield as the SUMO fusion protein appears to be quite stable. 7. When OD 600 has reached 0.3-0.4 (typically after 1-2 h), take a pre-induction sample of the culture for SDS-PAGE analysis of the overexpression. Calculate the sample size that gives a comparable amount of cells and a good signal on Coomassie stained SDS-PAGE: For a 10 well gel: volume = 0.2 mL/OD 600 ; take half for a 15 well gel. 1. For a bacterial culture with an OD 600 = 0.4, take 500 µL. Take the calculated volume of bacterial culture with a sterile pipette. Spin down the sample (18000 x g, 4 °C, 2 min) and discard the supernatant. Keep the pellet at -20 °C until ready to use for analysis (step 1.11).
8. Induce protein expression by pipetting 1.2 mL of a 1 M IPTG stock solution to each 3 L culture solution (final concentration 0.4 mM). Continue incubating the culture at 14 °C for 16 h (overnight). NOTE: The temperature will typically have reached ~20 °C by the time IPTG is added, depending on the performance of the incubator. 9. Take a post-induction sample of the culture for SDS-PAGE analysis of the overexpression, following the procedure described in step 1.7. Figure 1C . NOTE: The protocol can be stopped here, the cell pellet can be frozen and stored at -80 °C for several weeks. For optimal results, it is recommended to use the fresh bacterial pellet and avoid freezing. Freeze-thaw might lead to lysis of the cells and degradation of Httex1. This might reduce the yield and the quality of the protein.
NOTE: The protocol is designed to enable completing all the steps from lysis of the bacterial pellets to reversed-phase high performance liquid chromatography (RP-HPLC) purification and lyophilization within 8-9 h. To limit aggregation and proteolysis, it is recommended to work rapidly without pausing and perform all steps at 4 °C or on ice. 2. Add 100 µL of PMSF stock solution and five tablets (1 per 30 mL of final volume) of protease inhibitor to 100 mL of pre-chilled buffer A. Add the bacterial pellet to the buffer and homogenize the suspension by stirring with a magnetic stir bar and by pipetting up and down with a sterile 10 mL pipette (~30 min). 3. Divide the bacteria suspension into aliquots of 40 mL in 50 mL disposable plastic tubes. Sonicate each aliquot in a water/ice batch for cell lysis (70% amplitude, total sonication time 5 min, intervals of 30 s sonication, 30 s pause). NOTE: It is important that the sample does not heat up during the sonication step. It is recommended to add some water to the ice bath to improve heat dissipation during sonication. The sonication procedure might have to be adapted if a different instrument is used. Other lysis methods like a French Press or a microfluidizer should work as well and might be beneficial to avoid heating of the sample and protein aggregation. These devices were not available in our laboratory and we obtained good results with our sonication protocol. 4. Take a sample of 50 µL of the lysate for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Centrifuge the sample (18000 x g, 4 °C, 2 min) and pipette the soluble fraction in a new test tube. Resuspend the insoluble fraction in 50 µL of buffer A with a pipette. Keep the samples on ice until SDS-PAGE analysis (step 2.6). 9. Take a sample of each fraction for SDS-PAGE analysis (20 µL) and pool the fractions containing the fusion protein according to the peak of the IMAC chromatogram. Add (2S,3S)-1,4-Bis(sulfanyl)butane-2,3-diol (DTT) and L-cysteine (final concentration 100 mM each) as a powder and dissolve by gently inverting the tube. NOTE: In our experience the purity of the fusion protein in the different fractions is comparable. As a precaution, the fractions of the purified fusion protein should be pooled quickly after IMAC to prevent aggregation of the highly concentrated fractions. In addition, it is recommended to proceed directly to the cleavage of the SUMO tag and HPLC purification. If necessary, the protocol can be stopped here. The diluted solution of the fusion protein was frozen in liquid nitrogen, stored at -80 °C and purified after thawing without a significant reduction in yield. 
Cleavage of the His 6 -SUMO-tag and HPLC Purification
Caution: Trifluoroacetic acid (TFA) is a volatile liquid and can cause severe burns so handle with care. Carry out all handling in a fume hood and wear adequate personal protective equipment (i.e., disposable nitrile gloves, safety glasses and a lab coat).
1. In a 5 L bottle, add 5 mL of TFA with a plastic syringe to 5 L of water (solvent A: H 2 O, 0.1% (TFA). Add 2.5 mL of TFA with a plastic syringe to a 2.5 L bottle of acetonitrile (solvent B: acetonitrile, 0.1% TFA). 2. Prepare the HPLC system as suggested by the manufacturer. Perform a blank run to ensure a clean column. 3. Take a sample of 100 µL of the fusion protein before the addition of ULP1 to monitor the cleavage reaction by UPLC (step 3.5). 4. Transfer 20 mL of the fusion protein to a new 50 mL tube and add 0.4 mL of ULP1 stock solution, incubate on ice. Keep the remaining fusion protein on ice. NOTE: The His-tagged catalytic fragment 403-621 of the Ubiquitin-like-specific protease 1 (here referred to as "ULP1") was used to cleave the SUMO tag. The fusion protein is more stable than the cleaved Httex1. It is recommended not to cleave the SUMO tag of the whole batch. Instead, continue with aliquots of a size that can be directly and completely applied to the HPLC column. NOTE: Httex1 and His 6 -SUMO separate well by RP-HPLC. However, there can be small amounts of truncated Httex1 in the beginning and end of the peak. Collect small fractions to obtain the maximum amount of pure material. Caution: Use the appropriate safety equipment (i.e., lab coat, insulated gloves and a face shield) when handling cryogenic fluids. 8. Analyze the HPLC-fractions by electro-spray ionization mass spectrometry (ESI-MS, autosampler, inject 10 µL, flow 0.6 mL/min, solvent: 20% B in A, no column, refer to the instructions of the manufacturer for instrument usage) and UPLC (gradient from 10% to 90% solvent B in A for 0.25 to 3 min, 10% B for 1 min, refer to the instructions of the manufacturer for instrument usage). Pool fractions of similar purity in 50 mL plastic tubes, freeze in liquid nitrogen and lyophilize. Weigh and transfer the lyophilized protein into 2 mL plastic tubes and store at -20 °C. 9. Characterize the purified material by UPLC, ESI-MS and SDS-PAGE. Dissolve 100 µg of lyophilized Httex1 in 8 µL of neat TFA in a 1. 
Disaggregation and Resolubilization of Httex1 Proteins
Caution: TFA is a volatile liquid and can cause severe burns so handle with care. Carry out all handling in a fume hood and wear adequate personal protective equipment (i.e. disposable nitrile gloves, safety glasses and a lab coat).
1. Prepare 10 mL of Dulbecco's phosphate buffered saline (DPBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4) from the premixed powder in a 50 mL tube. Filter the DPBS solution through a 0.2 µm filter before each use. 
Monitoring of the Aggregation Kinetics of Httex1 43Q using UPLC and circular Dichroism (CD) Spectroscopy and Characterization of the Aggregates by Transmission Electron Microscopy (TEM)
1. Prepare uranyl formate solution for TEM as previously reported 39 . 2. Initiate the aggregation of Httex1 43Q by incubating a 3 µM solution in DPBS at 37 °C (use 1 mL of solution prepared as described above in the disaggregation protocol). NOTE: The aggregation of Httex1 can be performed at higher concentrations depending on the needs and aims of the experiment. 3. Quantify the amount of soluble protein using UPLC at indicated time points (at 0, 1, 2, 4, 6, 8, 12, 24, 48 and 120 h). To do that, take an aliquot of 35 µL and remove the insoluble aggregates by centrifugation (20000 x g, 4 °C, 20 min). Inject 4 µL of the supernatant into the UPLC. Calculate the proportion of soluble monomer based on the change of the peak area using the instrument software 40 .
Compare results with representative results in Figure 3A. 4. Characterize the changes in secondary structure using CD spectroscopy at 0 and 48 h. Take an aliquot of 100 µL and measure the ellipticity (1 mm quartz cuvette, 195 nm to 250 nm, 20 °C, data points every 0.2 nm, speed 10 nm/min, digital integration time 2 s, bandwidth of 1.0 nm). Acquire 6 spectra of the sample and average and smooth using a binomial filter with convolution width of 99. Plot the spectra as the mean residue molar ellipticity (θ MRE ) 41 .
Compare results with representative results in Figure 3B . 
Representative Results
Httex1 is expressed in E. coli with an N-terminal His 6 -SUMO tag. The representative results of the expression and purification of the fusion protein are summarized in Figure 1 . The sequence of Httex1 consists of the residues 2-90 of Htt and starts with Ala2, because Met1 is fully cleaved in vivo 42 . The numbering of the amino acids refers to the 23Q variant, the complete sequence of the expressed fusion protein is shown in Figure 1A . The plasmids will be deposited at Addgene in the near future to be shared with the community. A schematic of the plasmid and the expressed fusion protein is shown in Figure 1B . His6-SUMO Httex1 expresses at a medium level ( Figure 1C) and most of the fusion protein is present in the soluble fraction after lysis, both for the 23Q and the 43Q variant. The fusion protein migrates higher than expected, based on the molecular weight. This is partly due to the strong fold of SUMO but mostly due to the unusual sequence composition of Httex1, containing mainly glutamine and proline residues. Both the wildtype (23Q) and the mutant (43Q) fusion protein can be enriched to ~80% purity by IMAC ( Figure  1D) The presence of co-purifying host protein can be explained by the comparatively low expression level of Httex1 and the big sample volume applied to the column.
The cleavage of the His 6 -SUMO tag and the purification of Httex1 is shown in Figure 2A . UPLC is an efficient tool to monitor the cleavage of the His 6 -SUMO tag ( Figure 2B) . The original peak of the fusion protein is consumed and two new and well-separated peaks corresponding the His 6 -SUMO tag and Httex1 appear. The cleavage reaction is finished in 10-20 min. The Western Blot (WB) is too slow to monitor the cleavage reaction efficiently, but it has been included in the figure for reference and to demonstrate the completeness of the SUMO cleavage. Both Httex1 23Q and 43Q can be separated well from the His 6 -SUMO tag by RP-HPLC ( Figure 2C ) and were obtained in high purity as shown by UPLC, MS and SDS-PAGE analysis ( Figure 2D ).
To illustrate that the Httex1 proteins prepared by this method retain the expected aggregation properties of Httex1, we assessed the fibrillization kinetics of mutant Httex1 at 37 °C by a sedimentation assay, monitored the changes in secondary structure by CD spectroscopy, and characterized the morphology of the aggregates by TEM. A representative data set of the aggregation kinetics of mHttex1 fibril formation as determined by a sedimentation assay is shown inFigure 3A. The loss of soluble Httex1 43Q over time, due to fibril formation was quantified by UPLC. We observe a complete depletion of soluble protein after 48 hours of incubation. Additionally, we determined the secondary structure of the protein by CD spectroscopy (Figure 3B ). Httex1 43Q shifts from unstructured (λ min 205 nm) to mainly β-sheet rich conformation (λ min 215 nm) after 48 hours of incubation. This structural change is accompanied by the formation of long fibrillar aggregates as observable by TEM at 48 hours ( Figure 3C ). 
Discussion
In this protocol, we have outlined an efficient procedure for obtaining milligram quantities of native, untagged Httex1 containing 23 or 43 glutamine residues. This was achieved by expressing Httex1 as a C-terminal fusion to a His 6 -SUMO tag, which is used to isolate the fusion protein from the cell lysate by IMAC and is cleaved prior to HPLC purification of Httex1. While the SUMO strategy has been used in the production of several other proteins, our method shows that the unique properties SUMO could also be used to generate intrinsically disordered, aggregation-prone, amyloidogenic protein that have previously proved to be extremely difficult to handle and produce 43, 44 . We present a protocol that is straightforward, easy to use and comparable to a protocol for the generation of a "well-behaved" protein. The SUMO fusion solubilizes and stabilizes Httex1 during expression and the IMAC purification step. Premature cleavage of the tag, as observed with the intein strategy 10 and aggregation were no longer an issue.
Intrinsically disordered proteins are especially vulnerable to degradation. While N-terminal degradation in the N17 region is not an issue using this protocol, truncations in the PRD of Httex1 can occur. As the truncated proteins are very similar to Httex1 in hydrophobicity, charge and size, removing them by chromatographic means is challenging, thus it is best to prevent their formation in the first place. Sticking closely to the protocol, always working on ice and using a sufficient amount of protease inhibitor should help keep the level of observed truncation very low. Applying a fusion tag at the C-terminus of Httex1 could remove truncations in the PRD easily as the truncated protein would lose the affinity tag as well. However, if the native sequence needs to be maintained this option cannot be applied as Httex1 ends with proline and to the best of our knowledge there are no C-terminal fusion tags that are known to induce traceless and efficient cleavage after proline.
The most critical part of the protocol is the handling of the Httex1 liberated after cleavage of the SUMO tag by ULP1. The protein should be purified immediately by RP-HPLC. Fortunately, this is an efficient and fast reaction that is usually completed in 10-20 min at 4 °C. In contrast, the intein strategy required several hours for complete cleavage of the intein, thus requiring a trade-off between incomplete cleavage and beginning aggregation in order to maximize the yield. A fast workup is required for mutant Httex1, as it will start to aggregate at the comparatively high concentration present in the cleavage reaction, whereas the 23Q variant is stable for a longer time. During the RP-HPLC purification, another advantage of SUMO becomes apparent: While the Ssp DnaB intein is hydrophobic and sticks strongly to the column, SUMO is more hydrophilic and elutes completely from the C4 reversed-phase column. Although commercial ULP1 is quite costly, the protein can be easily produced in high yield following previously published protocols 29 .
The critical importance of applying a disaggregation protocol prior to using Httex1 cannot be stressed enough. Lyophilized polyQ proteins such as Httex1 are stable and can be stored long periods, but are not completely soluble in water and buffers. The presence of preformed oligomers or fibrils could have a significant impact on aggregation kinetics and biophysical properties of the protein 45 . The disaggregation protocol described here allows the disaggregation of the protein, removal of preformed aggregates and generation of a solution of monomeric Httex1 from a lyophilized sample. We observed similar aggregation kinetics and fibril morphology for Httex1 obtained with the SUMO and the intein strategy.
Compared to previous methods for producing Httex1, the SUMO strategy described here offers several advantages and expands the range of possible studies to investigate the structure and functional properties of this protein in health and disease. The SUMO-Httex1 fusion protein is easy to handle, it can be frozen and stored or kept in solution for 24 h at ambient temperature, while the free mHttex1 would aggregate quickly. The stability and high solubility of the SUMO-Httex1 fusion proteins provide greater flexibility to manipulate the protein and/or introduce enzymatic and chemical modifications into mHttex1 that would otherwise not be possible after cleavage. This includes the introduction of post-translational modifications, fluorophores, spin labels, biotin tags, etc. The advances presented here should 1) facilitate future studies to elucidate structure-function relationships of Httex1; 2) generate new tools to investigate Htt aggregation and pathology spreading; 3) enable the development of new assays to identify molecules that stabilize mutant Httex1 and prevent its aggregation; and 4) encourage scientists from other fields to bring to work on this protein and join our quest to find cures for Huntington's disease.
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